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Abstract 
Three different combined solar thermal and air-source heat pump systems for domestic hot water preparation and space heating 
in single- and multi-family houses in Germany have been monitored since the beginning of 2012. Through these field test 
investigations component as well as system performances could be characterized and it was possible to identify errors regarding 
installation and control of the multiple operation modes. A particular attention was paid to the energetic effort and drop in 
thermal efficiency due to frosting and defrosting of the heat pump´s evaporator. Furthermore, some of the descriptive parameters 
in the defrosting process (e.g. amount of energy required, work cycle between two defrosting modes) have been put in relation to 
the prevalent outdoor conditions (temperature, relative humidity). From this analysis the effectiveness of the applied defrosting 
strategy could be estimated, i.e. to which extent defrosting operation was initiated at the ideal point of time to be needed. 
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1. Introduction 
Potentially, the combination of solar thermal and heat pump technology for the purpose of space heating and 
domestic hot water preparation can lead to an increase of efficiency for both key components. For the heat pump this 
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is due to the enhanced source temperature, while for the solar collector the possible operation at lower temperature 
levels than usual will lead to increased collector efficiency and additional solar gains. However, the actual surplus of 
such combined systems very much depends on the interaction of its components and the control strategy of the 
system´s multiple operation modes. Field test results can therefore help scrutinizing the often advertised high system 
performance factors [1]. 
 
The majority of combined solar thermal and heat pump systems can be classified as so-called parallel concepts 
according to IEA SHC Task 44 / HPP Annex 38 [2]. This means that solar collector and heat pump work 
independently from one another, which is in contrast to so-called serial concepts (e.g. the solar collector delivers 
heat to a store, the store in turn is the source for the heat pump) or regenerative concepts (e.g. the collector 
regenerates the ground temperature for a ground-source heat pump). With this missing direct interaction between 
solar collector and heat pump in systems of parallel concept type, there is some question about the factual benefit of 
such a combined solar thermal and heat pump system. 
 
In the currently completed research project “WPSol” a total of six very different combined solar thermal and heat 
pump systems for space heating and domestic hot water preparation in single- and multi-family houses have been 
monitored for a period of about one and a half year. Three of those systems were equipped with an air-source heat 
pump and can be classified as parallel systems, i.e. while the heat pump is used either directly for space heating or 
for delivering heat to the store at top or middle position, the solar collector can only deliver heat to the store at 
bottom position without interaction with the heat pump. However, the three systems differ from each other in the 
type of backup heating and its integration into the system; that is why operation control of the various heat sources 
and circuits becomes especially important for such systems regarding component and system performance. 
 
Nomenclature 
a1 Collector heat loss coefficient [W/(m²*K)] 
a2  Temperature dependence of the heat loss coefficient [W/(m²*K²)] 
A2W35  Heat source (air) temperature of 2 °C, heat sink (water) temperature of 35 °C 
COP  Coefficient of Performance [-] 
EN 14511 European Standard 14511: Air conditioners, liquid chilling packages and heat pumps with 
electrically driven compressors for space heating and cooling 
HPP   Heat Pump Programme 
IEA  International Energy Agency 
Pel,HE  Electricity consumption for the heating element inside the store [W] 
Pel,HP  Electricity consumption for powering the heat pump [W] 
Pel,hydr,HP  Heat pump part of the electricity consumption for the several pumps [W] 
Pel,hydr,tot  Total hydraulic electricity consumption [W] ሶܳ DF,HP  Defrosting heat flux taken from the store [W] ሶܳ DHW  Heating capacity for domestic hot water preparation [W] ሶܳ SH  Total space heating capacity [W] ሶܳ SH,HP  Heat pump part of space heating capacity (direct heating with heat pump) [W] ሶܳ Sto,HP  Heat pump part of store charging capacity [W] 
SHC  Solar Heating and Cooling Programme 
SPF  Seasonal Performance Factor [-] 
η0  zero-loss collector efficiency [-] 
 
Air-source heat pumps usually feature lower seasonal performance factors compared to their ground-source 
counterparts of equivalent thermal capacity. While on the one hand this is based on the stronger daily and seasonal 
fluctuations of the source temperature, on the other hand evaporator frosting during winter months causes further 
drop in thermal efficiency due to additional energetic effort for the necessary defrosting processes. Defrosting is 
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periodically required, because the frost formation on the fins and tubes of the heat pump´s outdoor evaporator leads 
to a decrease in heat transfer while increasing air flow pressure drop. Therefore, heat must be supplied to the 
evaporator, for example by the reverse cycle or the hot gas bypass method, to melt the frost on the surface of the 
evaporator and so to recover its performance. 
 
Aside from the general analysis of the abovementioned three combined solar thermal and heat pump systems 
(calculation of performance factors, examination of installation errors, assessment of operation control, etc.), this 
paper will particularly focus on the decrease of air-source heat pump performance on account of frosting and 
defrosting processes. For instance, the amount of energy, which was directly used for defrosting operation, was 
determined for a complete heating period. In a further step, also indirect energetic effort (e.g. during the frosting 
period) was included into these calculations. Moreover, a correlation between the ambient air parameters decisive for 
frost buildup (temperature, relative humidity) and defrosting behavior (time of initiation, amount of energy required) 
was carried out to receive information about the effectiveness of the applied defrosting strategy. 
2. System description 
As mentioned above, the three monitored systems can be classified as parallel concepts according to the IEA SHC 
Task 44 / HPP Annex 38 categorization. In Subtask A of Task 44 a simple scheme for describing combined solar  
thermal and heat pump systems, the so-called “square view” energy flow chart, was developed in order to achieve 
easier comparison of the various systems, which would be difficult when looking at the often very complex 
hydraulic diagrams [2]. Figures 1a and 1b show these square view charts for two of the three monitored systems, 
while the third system is similar to that in Figure 1b. 
 
 
Fig. 1. “Square view” energy flow charts of (a) System #1 and (b) System #2. 
 
At the top of the scheme, the regenerative heat sources from the environment are depicted in green color, in this 
case solar radiation for the flat-plate collector and ambient air for the air-source heat pump. On the left side, energy 
carriers that need to be purchased or are traded by the customer enter or leave the system, respectively. As can be 
seen from the graphics, electricity is required for powering the heat pump and for the backup heating element inside 
the water storage tank in case of System #1, while for System #2 electricity for the heat pump as well as gas for an 
additional condensing gas boiler are needed. 
 
Solar heat coming from the flat-plate solar collector is brought into the store via an internal heat exchanger at the 
bottom of the store. As can be recognized from both schemes, the heat pump can be either directly used for space 
heating (c.f. useful heat in red color at the outer right bar of the square view chart) or it can deliver heat to the combi 
store (for System #1 this is possible at two different inlet heights, middle and top position, while for the other 
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systems there is only one inlet at middle position). The combi store in turn also enables space heating by taking heat 
from the store at middle position. Furthermore, heat from the store is taken for domestic hot water preparation and 
for defrosting of the heat pump as is illustrated by the double arrow between these components in Figure 1. A 
cooling mode is implemented in none of the three systems. 
 
At the bottom of the scheme basic information about size, inhabitants and location of the respective residential 
building is given. The third system, which is not depicted as a figure here, is installed in a multi-family house (2 
flats, 4 persons) in Rödinghausen near Bielefeld (Germany) with a total living area of 210 m². System #3 is provided 
by the same manufacturer as System #2 and is therefore equipped very similar, which can be recognized by the basic 
characteristics and standard performance data listed in Table 1. However there is one decisive difference between the 
two systems, namely the missing condensing gas boiler. As will be shown later with the results, this strongly affects 
heat pump defrosting behavior, because the thermal load of the heat pump becomes much higher without such a 
backup heating device. 
 
Table 1. Basic information about the main components of the three monitored systems. 
Component System #1 System #2 System #3 
Solar collector 
   Type 
   Aperture area 
   Efficiency parameters 
 
flat-plate 
13.56 m² 
η0 = 0.820 
a1 = 3.821 W/(m²*K) 
a2 = 0.0108 W/(m²*K²) 
 
flat-plate 
9.95 m² 
η0 = 0.748 
a1 = 2.960 W/(m²*K) 
a2 = 0.0145 W/(m²*K²) 
 
flate-plate 
12.44 m² 
η0 = 0.748 
a1 = 2.960 W/(m²*K) 
a2 = 0.0145 W/(m²*K²) 
Heat pump 
   Type 
   Heating capacity (max.) 
   COP (EN 14511) 
 
air-source (compact type) 
12.0 kW 
3.8 (A2W35) 
 
air-source (split-type) 
14.0 kW 
3.37 (A2W35) 
 
air-source (split-type) 
14.0 kW 
3.37 (A2W35) 
Store 
   Type 
   Volume 
 
combi store 
1000 l 
 
combi store 
750 l 
 
combi store 
750 l 
Backup heating device electric heating element 
(inside combi store) 
condensing gas boiler 
(outside combi store) 
no backup heating 
 
As given in Table 1, the heat pumps in System #2 and System #3 are of split-type, which means that they consist 
of an outdoor unit comprising evaporator, compressor and expansion valve, and the indoor-located condenser. In this 
case, the condenser is part of a special hydraulic module containing and controlling the various circuits between 
sources (heat pump, gas) and sinks (combi store, space heating). For the more complex System #2 the whole 
arrangement results in a variety of possible operation modes: direct heating with heat pump, direct heating with gas, 
charging the store with heat pump, charging the store with gas, defrosting with heat from the store and heating with 
heat from the store. Solar charging of the store and domestic hot water tapping are two further processes with 
independent operation from the hydraulic module as well as from one another. 
 
In contrast, System #1 is equipped with a compact heat pump (all parts in one outdoor unit). With this system, the 
peculiarity lies in the possible charging of the store by the heat pump at two different heights (middle and top 
position). The defrosting processes are carried out via the middle circuit; however, it was found out during 
monitoring, that also unintended defrosting via the upper circuit took place. This middle circuit is used for the two 
heating modes, too (direct heating with heat pump, heat from the store), while tapping and solar store charging are 
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independent of the two heat pump circuits. Finally it must be mentioned that during the monitoring period the heat 
pump model was exchanged, which somewhat also influenced the whole system. 
3. Results 
3.1. Component and system performance 
Since merely a selected number of the monitoring results can be shown in this chapter, the focus will be put on 
the Seasonal Performance Factor (SPF) as the most important parameter in this field test analysis. Figure 2 shows the 
Seasonal Performance factors for both air-source heat pump and the complete system at the example of System #1. 
As there are some variations concerning the definition of the SPF (for instance, whether electricity for the several 
pumps is included or not), the SPF calculation as it was applied here, is given in the following two equations: 
 
ܵܲܨு௘௔௧௣௨௠௣ ൌ ׬൫ொሶೄಹǡಹುାொሶೄ೟೚ǡಹುିொሶವಷǡಹು൯כௗ௧׬൫௉೐೗ǡಹುା௉೐೗ǡ೓೤೏ೝǡಹು൯כௗ௧               (1) 
 
 
ܵܲܨௌ௬௦௧௘௠ ൌ ׬ሺொሶೄಹାொሶವಹೈሻכௗ௧׬൫௉೐೗ǡಹುା௉೐೗ǡ೓೤೏ೝǡ೟೚೟ା௉೐೗ǡಹಶ൯כௗ௧              (2) 
 
In case of Systems #2 and #3 there is no electricity consumption Pel,HE for the heating element, while for System 
#2 the gas consumption must be added to the effort in the SPFSystem calculation. 
 
 
Fig. 2. Characterization of heat pump and system performance by means of the SPF for System #1 for the whole monitoring period. 
The given average Seasonal Performance Factors of 2.26 for the air-source heat pump and 2.00 for the complete 
System #1 illustrate that still a number of challenges need to be faced for improving such a system´s operation. The 
data for the other systems confirm this point of view, for instance System #2 showed even worse performance: 
especially its heat pump regularly yields a monthly performance factor between 1 and 2. One reason for the 
generally dissatisfying performance of the three systems can be discovered in diverse installation and loop control 
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errors, for example: in Systems #2 and #3defective non-return valves led to frequent warm water circulation and thus 
to distinct heat losses and loss of the thermal stratification in the combi store; with System #3 similar circulation in 
the loops between heat pump and store could be determined; the circulation pump for the solar thermal part in 
Systems #1 and #3 features unusually high electricity consumption, in some months for System #3 this power 
consumption even exceeds solar heat input. 
 
Furthermore it must be stated that not only the air-source heat pumps exhibit low performance data, but also the 
solar collectors´ yields must be assessed as amendable. While for System #3 the specific collector yield at least 
accounts for approximately 420 kWh/(m²*a), for the Systems #2 and #3 the values of 250 and 290 kWh/(m²*a), 
respectively, can really be evaluated as disappointing. As it appears from these monitoring results, such parallel 
combined solar thermal and air-source heat pump systems require considerable improvement in installation 
execution and operation control for achieving the aspired surplus of the combination of these two components. 
3.2. Number of defrosting processes and associated amounts of energy for one heating period 
In Figures 3a and 3b the three monitored systems are compared regarding their monthly numbers of defrosting 
processes and the corresponding amounts of energy (i.e. heat from the store) required for defrosting during the 
heating period 2012/13. The total number of defrosting processes and the respective defrosting heat for the whole 
heating period (including some single defrosting processes in September 2012 and May 2013, which are not shown 
in Figure 3 on account of a more convenient view) are then given in Figures 4a and 4b. 
 
 
Fig. 3. Monthly distribution of (a) number of defrosting processes and (b) defrosting heat for the three systems in the heating period 2012/13. 
 
The illustrated monthly distribution of defrosting processes and heat complies with the general expectations, 
namely, that the air-source heat pumps need to be defrosted most frequently during winter months (December until 
February), while defrosting becomes more seldom in the transition period. The numbers for March 2013 are of 
similar magnitude like the data for the winter months due to this year´s low temperatures until that time. 
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Fig. 4. (a) Total number of defrosting processes and (b) total defrosting heat for the three systems in the heating period 2012/13. 
 
When comparing Figures 4a and 4b, two noticeable issues can be observed: 
 
(1) System #3 does not feature the highest number of defrosting processes, but the required amount of heat for 
defrosting exceeds the values of the other systems by far. The reason for this can be found in defectively high 
volume flows in the defrosting circuit (around 4-times higher than for System #2), which were obviously not 
necessary when compared to the similar System #2 equipped with the same heat pump model. 
 
(2) The air-source heat pump in System #2 shows least defrosting effort, both regarding defrosting processes and 
heat. This can only partly be due to the outdoor conditions: compared to System #3 the milder climate 
(warmer and lower relative humidity) would be an explanation, however, relative humidity at the location of 
System #2 was even higher than for that one of System #1. Rather, the bivalent operation of heat pump and 
condensing gas boiler is the decisive factor for the results shown above. The condensing gas boiler takes over 
operation in heating mode at around -1.2 °C, while for the case delivering heat to the store (higher flow 
temperature), the bivalence level lies at 4.0 °C. Thus, the air-source heat pump features less operating time at 
outdoor conditions that would necessitate defrosting of its evaporator. That is why such a bivalent operation 
does not only make sense for air-source heat pumps regarding the decrease of COP with decreasing ambient 
temperature, but also concerning defrosting effort. 
3.3. Total energetic deficiency due to frosting and defrosting 
While the amounts of energy for defrosting given in Chapter 3.2 represent the direct energetic effort (i.e. heat 
from the store) for the necessary melting of the frost layer on the heat pump´s evaporator, the drop in thermal 
efficiency due to frosting and defrosting is in fact higher because of mainly two effects: (1) a gradual decrease of 
heating capacity and COP during heating mode on account of the deteriorating heat transfer on the evaporator and 
(2) a reduced heating capacity and COP in the recovery phase after the actual defrosting process, until non-frosting 
heating capacity is achieved again (in some cases there is also an idle phase for few minutes following the defrosting 
process, before heating capacity begins to increase again in the recovery phase). 
 
In order to estimate this overall drop in thermal efficiency of the heat pump beyond the bare defrosting heat from 
the store, the concept of Wang et al [3] – a comparison of the actual heating capacity to a theoretical heating capacity 
in a non-frosting operation – was adapted to the field test data of Systems #1 and #2 (the details of this calculation 
cannot be explained here, but it turned out that for System #3 such a calculation was not meaningful). Figure 5a 
shows that this bare defrosting heat accounts for only 12.6 % and 13.5 % of the overall energetic effort, respectively, 
which vice versa means that this total energetic deficiency due to frosting and defrosting is about 8 times higher than 
just the amount of heat taken from the heat store. The deterioration of the heat pump´s performance can be seen in 
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Figure 5b: while for System #1 the average reduction of COP according to this more holistic approach of 
determining frosting and defrosting effects on thermal efficiency amounts to 12.8 %, for System #2 it was 
considerably higher (26.6 %), which is due to longer defrosting and idle phases where the difference to the 
theoretical non-frosting heating capacity is largest.  
 
 
Fig. 5. (a) Ratio of defrosting heat to the overall energetic effort and (b) average reduction of COP due to frosting and defrosting. 
 
As another result of these calculations it was found out, that approximately two thirds of this total energetic 
deficiency can be addressed to the defrosting process itself, while the other third in about equal parts belongs to the 
periods of frosting and recovery, respectively. 
3.4. Theoretical “solar defrosting” 
Generally speaking, “solar defrosting” means, that solar heat is at least partly used for the melting of frost at the 
heat pump´s evaporator. However, such a method or concept can be of very different character regarding its 
immediacy. 
 
A very immediate technique would be to bring the solar heat directly to the evaporator, for instance by heating 
the ambient air for the evaporator up to a temperature where frost melting happens sufficiently fast. As solar 
irradiation and defrosting necessity will not always match together, it is clear, that solar heat can just partly cover 
the amount of energy for the defrosting processes. However, when this serial concept is applied generally during 
winter months, (i.e. the source temperature of the heat pump is increased by solar preheating), this would already 
mean an indirect defrosting effect concerning two points of consideration: (1) On account of the higher source 
temperature, the heat pump will more often face ambient air conditions that do not trigger off frost buildup and (2) 
with frosting conditions the speed of frost formation will probably be reduced because of the higher temperature 
(and also lower relative humidity), or the further growth of an existing frost layer can be stopped or even reversed, 
when enough solar heat becomes suddenly available, respectively. 
 
However, in most cases when manufacturers/suppliers of combined solar thermal and air-source heat pump 
systems mention a possible “solar defrosting”, this expression stands for a much more indirect way of doing this. In 
parallel systems like the three ones presented here, it means that solar heat (obtained whensoever) is delivered to the 
store and defrosting is carried out at another time with heat from the store, which thus partly originates from solar 
gains. In contrast to the aforementioned method, the ratio of solar heat to the total amount of defrosting heat is of 
rather theoretical nature. 
 
In order to illustrate to which extent a “solar defrosting” would have theoretically been possible, solar gains (i.e. 
solar input into the store) and defrosting heat are placed side by side in Figure 6a for System #1. In Figure 6b the 
theoretical ratio of “solar defrosting” is shown on a monthly basis for all the three systems. 
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Fig. 6. Comparison of solar gains (solar input into the store) and defrosting heat for System #1 and (b) theoretical ratio of solar defrosting 
(ratio of solar gains and defrosting heat) for the three systems in the heating period 2012/13. 
 
As can be concluded from Figures 6a and 6b, theoretically, solar gains could completely cover the amount of 
energy required for defrosting in the transition period. This is simply due to the fact that during this time the solar 
input into the store still accounts for several hundreds of kilowatt hours per month and thus exceeds the relatively 
low amounts of defrosting energy (usually < 100 kWh/month). In contrast, this relation becomes shifted during 
winter months (December until February): when calculating the sums of solar gains and defrosting energies for these 
three months, the theoretical ratios of “solar defrosting” amount to 13.6 %, 59.7 % and 9.2 % for the Systems #1, #2 
and #3, respectively. Considering this theoretical nature of “solar defrosting” and moreover the fact that these ratios 
do not include heat losses of the store in this notional time delay between solar input and defrosting process (not to 
mention that solar heat is actually meant to be used also for space heating and domestic hot water preparation), it 
can be concluded that (1) for systems without bivalent operation of the heat pump “solar defrosting” is in principle 
negligible during winter months, while (2) for systems with a similar bivalence level like in System #2 a certain 
percentage of defrosting could be “solar defrosting” (around half of it here in System #2). To put it in a nutshell, the 
installed collector area would have to be significantly higher to achieve complete “solar defrosting” during a whole 
heating period. 
3.5. Correlation with ambient conditions 
Concerning the initiation of defrosting processes, a plenty of different strategies are currently applied. While the 
simplest concept might be defrosting initiation after a fixed length of time regardless of ambient conditions, more 
sophisticated methods rely on determining physical quantities that are somehow related to the strength of frosting or 
directly to the reduction of evaporator heat transfer, respectively. To give just a few examples, outdoor temperature 
and/or relative humidity, pressure drop across the evaporator, evaporator surface temperature or refrigerant 
pressure/temperature can be measured for this purpose. The common objective of all these methods is to find the 
“ideal” point of defrosting initiation, that means: on the one hand defrosting should not already be carried out when 
only a negligible frost layer has built up that does not really affect the heat transfer of the evaporator; on the other 
hand defrosting should also not come too late, when heating capacity and COP have been significantly reduced by 
severe frosting [4]. 
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Fig. 7. Correlation of frosting duration with ambient conditions for (a) System #1 and (b) System #2. 
 
In this field test investigation the measured values for ambient temperature and relative humidity were combined 
in four categories characterizing the strength of frosting and were then put in relation to distinctive parameters of the 
defrosting process, for instance the frosting duration between two defrosting processes as shown in Figures 7a and 
7b. For both systems it can be observed that with increasing heating capacity frosting duration decreases, which is 
equal to a more frequent defrosting initiation. However, the two systems show a very different behavior concerning 
the adaption of defrosting strategy to the strength of frosting: for System #1 such an adjustment to outdoor 
conditions seems to be non-existent, whereas for System #2 defrosting is carried out more often in the case of more 
severe frosting conditions, which indicates a more suitable defrosting strategy than in the case of System #1. 
4. Conclusions 
The selective field test results presented in this paper show that such combined solar thermal and air-source heat 
pump systems still require significant improvement concerning installation execution and operation control to 
further enhance solar gains, heat pump as well as system performance. Moreover, the direct and indirect energetic 
effort of heat pump´s evaporator defrosting have been determined and different approaches for reducing this effort – 
namely the usage of solar thermal heat and more appropriate defrosting strategies – have been discussed. 
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